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EXPERIMENTAL INVESTIGATION OF THE REHAVIOR OF A

CONFINED FLUID SUBJECTED TO NONUNIFORM

SOURCE AND WALL HEATING

By Bernhard H. Anderson and Michael J. Kolar

SUMMARY

The motion of a fluid contained in a tank was studied under the following

heating conditions: (i) nonuniform source heating in which most of the heat is

generated near the tank bottom, (2) wall heating, and (3) nonuniform source heat-

ing in conjunction with wall heating. Data was obtained under nonflowing and

flowing conditions.

Where nonuniform source heating was present, the results indicated that

there was mixing such that a constant temperature in the axial direction was pro-

duced. Wall heating always produced a stable temperature gradient near the liq-

uid surface, which tended to be carried with the fluid during discharge. The two

modes of heating_ acting in conjunction with each other_ tended to form two re-

gions where the characteristic effects of each were dominant.

For nonuniform source heating, the temperature-time histories measured at

the tank exit during fluid discharge could be predicted adequately by using a

complete mix analysis. The temperature profile in the stratified layer, which

was covered by wall heating_ tended to be carried with the fluid during discharge

and appeared to exhibit the property of similarity.

.INTRODUCTION

One of the major anticipated problems encountered in the operation of manned

or unmanned nuclear space vehicles using liquid hydrogen is the heating of the

propellant by nuclear and thermal radiation. The heat input to the propellant

may require additional shielding or insulation of the tank to prevent excessive

temperature rise or boiling_ however, this results in an increase in the gross

weight of the vehicle. Increasing the tank pressure to compensate for the .in-

crease in propellant temperature would also add to the gross weight of the ve-

hicle in the form of heavier tank walls. The liquid hydrogen temperature pro-

file_ and thus the amount of shielding or insulation required, depends on the

manner in which the heat input is eventually distributed within the propellant by

convective motion of the fluid. Even if the shield or tank weights are not in-

creased, a thorough understanding of propellant heating will be needed to guar-

antee safe noncavitating performance in the propellant pumping system.



The propellant receives nuclear radiation from gammasand neutror_s that leak
out of the reactor and by capture gammasthat are born in the hydroger_whenther-
mal neutrons are absorbed. Nuclear radiation has the effect of increasing the
kinetic energy of a molecule. This increase in kinetic energy is felt locally in
the form of heat. Thus_ nuclear radiation is characterized as source heating,
which is nonuniform because of the absorption properties of the medium. In a
propellant tank, heat generation will be greatest near the tank bottom and will
decrease exponentially with distance away from the bottom.

The vehicle will also receive thermal radiation from three sources: direct
solar radiation, planetary radiation, and albedo or reflected radiation. This
heats the tank wall, which in turn gives up heat to the liquid inside by a con-
vection process.

Thus, the total ta_ heating is a combination of nonuniform source heating
through the tank bottom and convective heating from the tank walls. No informa-
tion is available on the distribution of energy within a tank under these condi-
tions. Therefore_ an experiment was carried out at the Lewis Research Center to
detelTnine qualitatively the effects of wall heating alone, nonuniform source
heating alone, and a combination of the two. A simple apparatus was designed
that permitted direct visual observation, schlieren photographs, and a limited
numberof temperattu_emeasurements. Particular emphasiswas placed on studying
the bulk mixing process by observation of the fluid through the schlieren system.

In addition, a comparison wasmadebetween the data obtained in the experi-
ment and an existing theory for predicting the outlet temperature-time history
of the fluid in the case of nonuniform source heating. A study was also madeof
the similarity of dimensionless temperature profile within the tank in the case
of wall heating.

APPARATUSANDPROCEDURE

This experiment was designed primarily to permit a visual inspection of
fluid behavior induced by wall and nonuniform source heating. The influence on
the heat transport and the velocity field due to these modesof heating was

viewed by means of a schlieren system.

Figure i is a schematic diagram of the experimental arrangement consisting

of a two-dimensional glass tank_ infrared heating lamps, and a support structure.

The sides and bottom of the tank were fabricated of I/8-inch-thick Pyrex plate

glass, and the front and back plates of the tank (through which the fluid motion

was viewed) consisted of i/4-inch-thick Pyrex plate glass. The glass sections

of the tank were held together with Epoxy. The glass view tank was 12 inches

high, 8 inches wide, and 2 inches deep (inside dimensions); the bottom portion of

the tank had 4.2C-inch-long sides that were set at an angle of _5° with respect

to the tank axis. An outlet port was located in the bottom glass plate to per-

mit the fluid to discharge. Access ports were located in the top of the tank for

the fluid fill line, the vent line, and the instrumentation. Three iCO0-watt in-
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frared lamps, located as shown in figure i, provided a variable heat input to the
fluid. Each lamp was provided with a parabolic reflector to ensure a monodirec-
tional radiation source and to increase the heating efficiency of the lamps. The
two vertical side walls of the tank were blackened downto the slant section to
provide uniform-type wall heating. The bottom section was clear} thus the in-
frared radiation was allowed to penetrate the tank and be absorbed by the fluid.

The flow system was composedof a rotameter_ a metering valve, and two res-
ervoirs, one located 15 feet below the view tank while the other was about 3 feet
above the view tank. The fluid was allowed to discharge out of the tank by the
action of gravity_ this was controlled by the metering valve and measuredby a
rotameter. The lower reservoir was used as a storage location before the fluid
waspumpedto an upper reservoir for future runs.

Infrared Absorption

The infrared region of the electromagnetic spectrum extends from wavelengths
of about 0.75 to i000 microns. Infrared rays are a form of electromagnetic radi-
ation, which whenabsorbed by a liquid causes molecular agitation. This increase
in kinetic energy of the molecule is felt locally in the form of heat (for fur-
ther information, see ref. i).

The absorption of infrared radiation in a fluid displays the characteristic
exponential-type attenuation with distance into the fluid that is encountered
with the absorption of nuclear radiation in hydrogen. The infrared attenuation
profile within a fluid dependson the spectral energy distribution of the source
and the spectral absorption characteristics of the liquid. The spectral energy
dis%ribution of t_le lO00-watt infrared lamps used in this experiment is presented
in figure 2, which shows radiant power as a function of wavelength for full-power
operation. The spectral absorption and_ hence, the attenuation profile_ can be
controlled to someextent by mixing fluids with different absorption character-
istics. For this experiment_ a solution of 2 parts trichloroethane to i part
ethyl alcohol by volume was used as the working fluid. The properties of the
working fluid are presented in table I.

Because of the geometry of the tank bottom_ the infrared attenuation varied
in the radial direction. The exit port acted as a shield for infrared radiationj
which caused the lines of constant intensity to fall off at the tank axis. This
is illustrated in figure 3_ which presents lines of constant infrared intensity 3
as measuredwith a radiometer.

The intensity measurementswere obtained at six radial locations for a given
liquid level. The liquid level was then changed3 and the measurementswere re-
peated. The intensity measurementspresented in figure 3 were referenced to the
intensity at the inside tank wall. The amount of heat absorbed in the glass was
between 15 to 20 percent of the total incident flux. For a nuclear vehicle, it
has been estimated that about I percent of the total heat generation will occur
in the tank walls.
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Heat A]-_sorption}_easurements

Nonuniform source heating. - The presence of radial heating gradients _n the

f!uid_ together with the severe anomaly that _as shown to exist along the tank

centeriine; makes any comparison of measured attenuation difficult. Thereforej

the infrared attenuation profile through the fluid will be characterized as the

average heating rate in the cross section at any axial station measured from the

tank bottom.

The average infrared heat generation as a function of distance from the tank

bottom (fig. ,_) was constructed from measurements (with a shielded thermocoupie)

of the average temperature uise per unit time for incremental changes _n fluid

volume in a nonflowing system. These average measurements could be obtained be-

cause of bulk mixing that occurred with nonunifo1_ heating of the fluid. This

will be discussed in the section Nonunifo_m source heating (see RE_T2 A_D

DISCUSSION). Because a temperature _sd_<_t, which may have been caused by heat

deposition in the glass, formed in a thin region of fluid near the tank bottom,

the infrared heat generation could not be relialqy determined in the f Lrst quo_r-

ter inch of the fluid. S_{ce the heat generation uear the tank bottom cct_id not

be measured, the total amount of nomtniform ]_eat imposed is mot kno,_. _q_erever

the magnitude of the source heao_ng is referred to in this report, the term will

be used to mean the rate .of heat absorption at the liquid lev91 9._0 inches

above the tank bottom.

Measurements to obtain the amotmt of !adla_1on incident upon the tank were

oetolng. The other heating rates }_ere assumed to bemac_e only for one po_<er o _-"

proportional, to the ]cm_p power.

Wall heating. - Inzegrablng the energy balance equation, for which the only

source of heat input is heat transfer from Lhe wail, over the time to discharge

tma x results in the following equation:

• 4÷

[T  ax/0 Jo¢I_,_xd_ dt Cp_p 'max: _(O,t)dt = Qt (i)

where qw is the wall heat flux_ do is the different_a] surface ares,, and t

is time. Integrating the left-han.:l side of equation (1) for the tank geometry

used in this experiment an<] ass_mnJng a constant _ml] heat flux qw yield

.2

.... _ P °max
R

+o(o,t)at (_)

where _ and _ are the thickness an_ the width of the tank_ respective]y_ and

(L - Xl) is the distance over which the he<_t was applied. Hence, the _<-all heat-

ing rate %'as computed from equation (_) ]<U<numerically integrating temperature-

time data. This value of wail heating_ however_ accotults only for the heat that

entered the fluid and does not include evaporation !osses; which were _large in

some instances.
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INSTRUM_YfATION

Axial temperature measurementswere madein the tank with 23 shielded ther-
mocouples spaced one-half inch apart on a rake (see fig. i). The shielding was
necessary to prevent erroneous temperature measurementsfromthe absorption of
infrared radiation. A second rake_ which is not shown_contained 20 unshielded
thermocouples spaced one-tenth inch apart and was used to obtain the temperature
profile in the vicinity of the liquid surface. Temperatures were recorded on
three Leeds and Northrup recorders_ each having 10 channels with a recording
speed of 2 seconds per channel.

RESULTSANDDISCUSSION

Nonflowing System

The modesof applying heat to the fluid were divided into three categories_
namely_ nonuniform source heating_ wall heating_ and a combination of wall and
nonuniform source heating. Comparisonof the resulting axial temperature distri-
butions at various times after start of heating are presented in figures 5 to 7.
Schlieren photographs_ which show the resulting flow patterns for the correspond-
ing heating values, are presented in figures 8 to i0.

Nonuniform source heating, - The type in which most of the heating is pro-

duced near the bottom of an enclosed volume of fluid is analogous to heating of

a horizontal layer from below in the sense that both produce an unstable strati-

fication of warm fluid. This _as originally studied by Rayleigh in 1916

(ref. 2). It is recognized that this unstable stratification must break down

under certain conditions and l_ad to a cellular type of flow (refs. 3 to S).

These cells are typical for the laminar flow regime_ while fully developed tur-

bulent flow leads to irregular _nd unstable boundaries of upward and downward

motion of fluid (ref. 7).

The primary effect of nonuniform source heating_ namely_ the instability of

the flow_ is demonstrated in figure 5. The results indicate that nonuniform

source heating of the type produced by the absorption of infrared radiation

caused the flow to become unstable and distributed the heat uniformly throughout

the fluid in a turbulent manner except within a thin region near the tank bottom.

This trend held true for three values of source heating: 55.5_ i03.5_ and 163.2

Btu per hour (figs. 5(a), (b), and (c), respectively). No restraints were placed

on the free liquid surface; thus_ the fluid was allowed to evaporate at atmo-

spheric pressure. Schlieren photographs corresponding to the same heating values

are presented in figure 8. Schlieren movies obtained at the same heating value

indicated that the fluid was in a state of turbulent motion_ with the general

pattern of motion in the upward and downward directions. It should be noted_

however, that_ while the general motion was in the axial direction_ there were

velocity components in the radial direction. The general motion of the fluid was

also characterized as varying with time in a random manner such that there were

no prominent regions of either upflow or downflow. While it would be expected

that random fluctuations in the temperature measurements would occur in a state

of turbulent motion of the fluid_ this was not indicated because the thermo-



couples and the recording equipment were not fast enough to record such vari-
ations.

Wall heating. - The conditions for this experiment were such that the wall
temperature everywhere exceeded the ambient temperature of the fluid. This re-
sulted in the fluid in the neighborhood of the wall having a lo_er density than
the fluid far from the wall. Thus, because of the buoyancy force, there was es-
tablished an upward flow of fluid in the neighborhood of the wall. Becauseof
the presence of the free liquid surface, the flow of warmer fluid from the bound-
ary layer accumulated above the main bulk of fluid and a temperature gradient in
the axial direction was established. This is illustrated in figure 6, which
shows the axial temperature distribution in the tank at various times after start
of heating for wall heating rates of 3.49, 7.58, and 15.85 Btu per square inch
per hour. The motion of the fluid was such that it always maintained a stable
configuration_ that is, a higher temperature or lower fluid density at the liquid
surface. The development of the temperature gradients near the liquid surface
was similar in nature for all three of the wall heating rates imposed on the
fluid (fig. 6) except that the stratified or hot layer grew at a faster rate for
higher heating values. A thin, highly turbulent region developed at the liquid
surface (dotted lines in fig. 8)_ which can be seen in the correspondir_ schlie-
ren photographs (fig. 9). This will be discussed in detail in the section Sur-
face layer. The dot-dash lines in figure 6 indicate the extent of the region af-

fected by the presence of wall heating, as determined on the basis of temperature

measurements. As seen from figure 8, the depth of this region appears to ap-

proach some asymptotic value.

The presence of the temperature gradient caused a severe thickenir_ of the

boundary layer to occur in the stratified layer (figs. 9(b), (c), and (12)). The

uniform rise in temperature that occurred below the stratified layer could be

caused by a scattering component of infrared radiation and by heat introduced

through the tank outlet from outside sources.

_onuniform source heatin_ and wall heating. - Figure 7 shows the results of

a situation in which nonuniform source heating was acting on the fluid in con-

Junction with wall heating. These results indicate that two distinct flow re-

gions developed (excluding the thin turbulent region near the liquid surface).

In the upper portion of the tank, wall heating was the predominate source of

heating_ and the characteristic temperature gradient resulting from wall heating

occurred. In the lower region of the tank, source heating prevailed resulting in

a uniform temperature distribution. The rate of temperature rise in the lower

region depends on the rate of growth of the stratified layer, which, in turn, de-

pends on the magnitude of the wall heating in comparison with the magnitude of

source heating. Nonuniform source heating produced turbulent mixing, with the

general motion tending upward in the tank. The fluid continued to rise until it

encountered a region of equal density_ or temperature, at which time the body

force became zero. Thus, the general motion of the fluid caused by nonuniform

source heating was unable to penetrate through the stratified layer produced by

wall heating. Increasing the wall heating, relative to the magnitude of source

heating, tended to compress the region of uniform mixing (see fig. i0). This re-

sulted in a smaller region over which the source heating could distribute itself

and caused a higher temperature rise per unit time in the lower region.



From a comparison of figures 8 and i0, it can be seen that nonuniform source
heating caused a severe boundary-layer thickening along the tank wall.

Surface la[er. - In all cases where wall heating was present, a thin turbu-
lent surface layer was formed at the liquid surface. This was caused by the in-

teraction of the two boundary-layer flows meeting at the surface of the fluid.

Axial temperature measurements were made in the vicinity of this surface layer

and are presented in figure ii for three values of wall heating: 3.A9, 7.58, and

15.85 Btu per square inch per hour, respectively. The thickness of this surface

layer at the center of the tank did not change appreciably either with time or

over the range of wall heating values imposed on the fluid. It should be noted

that the fluid was evaporating while these temperature measurements were made.

It vas postulated that the effect of evaporation was felt only within this sur-

face layer. The change in the slope of the temperature profile was probably

caused by both the effect of evaporation and the mixing. Schlieren photographs

(fig. 12) showing the flow patterns near the liquid surface add to the descrip-

tion of this surface layer. These photographs show that the surface-layer thick-

ness varied across the tank; this thickness was largest near the tank center and

became thinner near the walls of the tank. A study of figure 12 indicates that

the degree of mixing within this layer increased with increasing amounts of wall

heating.

Formation of convection currents. - The discussion of the qualitative behav-

ior of the fluid resulting from the three types of heating has been concerned

primarily with the quasi-steady-state behavior of the convection currents. There

is, howeverj a transient period in which the formation of the convection currents

takes place. This occurs relatively rapidly, after which the quasi-steady-state

behavior of the fluid exists.

Schlieren photographs showing the formation of the convection currents dur-

ing the first A0 seconds are p_esented in figure 13. For nonuniform source heat-

ing (fig. 13(a))_ there is, initially, a thermal boundary-layer buildup along the

tank bottom including the sides set at A5 o to the centerline. Between l0 and

15 seconds after the start of heating, the thermal boundary layer becomes un-

stable and a general turbulent flow of fluid up the side walls of the tank fol-

lows. After 25 seconds, the fluid swirls in toward the center of the tank, and

a random mixing of the imposed heat follows. The transient formation of the con-

vection currents caused by wall heating is shown in figure 13(b). Initially, a

boundary layer was formed along the tank walls with the motion in the upward di-

rection. The presence of the liquid surface turns the flow of fluid within the

boundary layer toward the center of the tank. After l0 seconds, the two columns

of fluid moving along the liquid surface meet in the center. In the remainder

of the sequence of photographsj a violent downward motion of the fluid takes

place. This turbulent core of fluid gradually thins out to the surface layer

previously discussed. The formation of convection currents caused by both non-

uniform source heating and wall heating is shown in figure 13(c). The breakup

of the boundary layer along the tank bottom was essentially of the same character

as it was with source heating alone. The flow of turbulent fluid up the tank

walls forms after l0 seconds and tends to disrupt the wall boundary layer. Fif-

teen seconds after the start of heating, the violent downward motion of the fluid

characteristic of wall heating occurs. The turbulent motion that follows quickly

forms the characteristic steady-state configuration (see fig. 10), which was
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previously discussed.

Flowing System

Figure IA presents the axial temperature profiles that were measured in the
fluid at various times after start of heating for a flowing system. The dot-dash
line is an estimation of the surface temperatflre rise as the liquid level drops.
The dashed lines indicate the temperature profiles where data were not obtained.

For wall heating alone (fig. 14(a)), the results indicate that, after an
initial period, a steady-state gradient was established in the axial direction
and tended to be carried by the fluid during discharge. A comparison of data ob-
tained in a nonflowing system reveals that the qualitative temperature profile
was not affected appreciably by discharging the fluid. The results are essen-
tially the samewhenwall heating _as acting in conjunction with source heating
(fig. i4(b)). The region of temperature gradient tended to compress the lower
region of uniform mixing during fluid discharge.

Temperature histories of the outflowing fluid, measuredat the tank outlet,
are presented in figures 15 to 18 for nonuniform source heating, wall heating,
and wall heating acting in conjunction with source heating. An inspection of the
results obtained with source heating (fig. 15) reveals no apparent change in the
mixing process for heating values of 55.5_ 103.5_ and 163.2 Btu per hour (figs.
15(a)_ (b), and (c)_ respectively) and over a range of mass discharge rates from
51.3 to 160.5 pounds per hour. The convective motion of the fluid, which oc-
curred in the nonflowing system, was, therefore, unaffected by discharging the
fluid.

A comparison of outflow data obtained with wall heating alone (figs. 17(a)
and 18(a)) with data obtained with wall and nonuniform source heating (figs.
17(b) and 18(b)) indicates that the temperature rise in the earlier portion of
the curves was caused primarily by nonuniform source heating.

A summaryof the outflow data obtained at the tank outlet appears in ta-
ble II. The parameters Qi and qw are the magnitudes of the source and the
wall heating, respectively, which were imposed on the fluid. The par_aeter Qt,
the total amount of heat that was absorbed in the fluid during discharge is given
by equation (i). The last three columns of table II will be discussed in the
section Nonuniform source heating.

Similarity Approach

The concept of similarity has its origin from geometry_ that is, two bodies

are considered similar if their linear dimensions are in constant ratio of each

other. In addition to the aforementioned condition_ however_ physical similarity

requires that all quantities involved in a pair of systems_ such as temperature_

velocity, force, and so forth_ be in constant ratio of each other. The existence

of similarity permits studies to be made of physical phenomena on small scale

models and allows generalization of experimental results. The importance of sim-
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ilarity in mathematical solutions lies in the fact that, for a given system, it
suffices to find the solution only once in terms of the dimensionless variables.

Nonuniform source heating. - The principle concern in this report for the

case of nonuniform source heating is the temperature-time history of the fluid as

it exits from the tank. For this reason, similarity (for nonuniform source heat-

ing) will be defined as the property whereby two outlet temperature-time his-

tories differ only by a scale factor. Therefore, in the case of such similarity,

the temperature-time histories can be made congruent if they are plotted in co-

ordinates that have been made dimensionless with reference to the scale factors.

Figure 19 presents temperature-time histories for nonuniform source heating

that have been made dimensionless with respect to the scale factors based on the

complete mix case (see appendix B). In order to make the temperature rise

and the time t dimensionless, they were divided by the maximum temperature rise

9max and the time required to discharge all the liquid in the tank tmax; re-

spectively. The results indicate that similarity of flow exists based on the

scale factors for complete mix, for values of source heating of 55.5; i03.5; and

183.2 Btu per hour and over a range of mass flow rates from 51.3 to 160.5 pounds

per hour. In spite of the temperature gradient near the tank bottom; the prop-

erty of similarity was not altered.

Comparison of these data with theoretical calculations based on a measured

heat attenuation is presented in figure 20. Because of the inability to measure

the attenuation in the region near the tank bottom_ the temperature rise and the

time were divided by the conditions at 0.968 of tma x to make them dimension-

less. This is in keeping with the theory of complete mix (see appendix B). The

results indicate that close agreement exists on a dimensionless basis between

these data and the theoretical calculations. The absolute temperature rise _ref

calculated from the theory of complete mix always tended to be lower than the

measured values (table II). This is due, in part, to the fact that the tempera-

ture gradient near the tank bottom was not considered in the calculations.

Wall heating. - The presence of wall heating alters the bulk mixing process_

in comparison with nonuniform source heating_ in the sense that it produces an

axial temperature gradient. Since a mathematical solution is exceedingly diffi-

cult, one approach to determine similarity behavior is experimentation.

Because wall heating produces an axial temperature gradient_ it would be ex-

pected that similarity properties would depend on the behavior of the temperature

gradient under varying conditions. It also would be expected that similarity be-

havior only extends over regions in which the same physical phenomenon takes

place; hence_ the surface iayer_ which has been previously discussed, will be ex-

cluded from consideration of the temperature gradient caused by wall heating. On

this basis, it was postulated that the product of the temperature difference

across the stratified layer times the volume of the stratified layer at time t

is proportional to the total heat that went into the stratified layer up to

time t. Consistent with this assumption

T(x_t) - T_(t) [ x - x_(t) ]Ts(t ) - Tj(t) = f Xs(t) - xj(t)
(3)



is independent of -time and wall-heating rate qw where Ts(t) is the temperature

Just below the surface layer at location Xs, Tj(t) is the temperature of the un-

affected region at location x.(t), and T(x) is the temperature at a location x.

If _(x,t) = [x- xj(t)]/[Xs(t I - xj(t)] and @(x,t) = [T(x,t) - Tj(t)]/

[Ts(t) - Tj(t)], equation (3) becomes

, - (4)

Figure 21 presents the results obtained when the nonflowing data involving

wall heating alone and wall heating in conjunction with source heating were made

dimensionless on this basis. Data are presented for three values of m_il heating

in Btu per square inch per hour. Each value of wall heating includes temperature

profiles obtained over a range of time from 120 to 240 seconds after start of

heating. The results indicate that the dimensionless temperature _ is indepen-

dent of time and the wall-heating rate qw" A comparison of data for wall heat-

ing and wall heating in conjunction with nonuniform source heating indicates that

there was little tendency for nonuniform source heating to alter the temperature

profile in the stratified layer.

The data presented in figure 21 also give the functional relation between

kand _. The integral _ d_ represents the constant of proportionality

between the total heat Qt in the stratified layer and the quantity

PCp(T s - To)(X s - x0)A where A is the cross-sectional area of the tank.

CONCLUSIONS

The motion of a fluid contained in a tank was studied under (!) nonuniform

source heating, (2) wall heating, and (3) nonuniform source heating in conjunc-

tion with wall heating. Data obtained under nonflowing and flowing conditions

indicate the following conclusions:

i. Nonuniform source heating in which most of the heat is generated near the

tank bottom results in a complete mixing of the imposed heat and a uniform tem-

perature profile in the axial direction.

2. Wall heating results in a flow of warm fluid up the tank walls that pro-

duces a stable temperature gradient near the liquid surface.

3. Nonuniform source heating acting in conjunction with wall heating for the

conditions investigated results in an interaction of the two modes of heating in

which the general motion caused by source heating is unable to penetrale through

the stratified layer resulting from wall heating.

4. For the conditions investigated, the measured temperature-time histories

obtained at the tank exit for nonuniform source heating indicate good agreement

with the predicted histories from complete mix theory.

S. For those conditions where wall heating is present, the temperature gra-
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dient near the liquid surface tends to be carried with the fluid.

6. The temperature profiles in the stratified layer appeared to exhibit the
property of similarity over the time of measurement_which was not altered ap-
preciably by the presence of nonuniform source heating.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland, 0hio_ August 16_ 1963
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APPENDIXA
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SYMBOLS

cross-sectional area of tank, sq ft

specific heat, Btu/(Ib)(OF)

initial level of liquid surface_ ft

source heating rate, Btu/hr

total heat absorbed by fluid, Btu

local source heating ratej Btu/(cu ft)(hr)

_all heat flux, Btu/(sq in.)(hr)

temperature, OF

time, sec

time to outflow, sec

0.968 tmax_ sec

initial volume of fluid, cu in.

mass flow rate, ib/hr

axial distance measured from tank bottom, in.

location of liquid level measured from tank bottom, in.

axial distance at which wall heating was started, in.

thickness of tank

width of tank

dimensionless distance, [x - Xo(t)]/[Xs(t) - Xo(t) ]

dimensionless temperature rise defined by eq. (BI6)

dimensionless temperature rise defined by eq. (B18)

temperature rise, oF

temperature rise at

temperature rise at

tmax, °F

tref, oF



P density; ib/cu ft

a surface area of tank, ft

T dimensionless time defined by eq. (BI7)

dimensionless time defined by eq. (BI9)

dimensionless temperature difference, [T(x,t) - To(t)]/[Ts(t) - T0(t)]

Subscripts:

i internal conditions

j conditions in the unaffected region

s surface conditions

w wall conditions

0 initial conditions

Superscript:

* dimensionless independent quantities
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APPENDIXB

DERIVATIONOFEQUATIONFORCOMPLETEMIXING

Assumea nonuniform heat source distribution throughout the fluid that
varies only in the axial direction with no other sources of heat loss or gain.
It is also assumedthat the resulting temperature gradient in the radial direc-
tion is zero. In addition, it is further assumedthat the physical properties of
the fluid do not vary significantly over the temperature range under considera-
tion. The energy balance equation for this system expresses the fact that the
rate of increase of enthalpy of the fluid is equal to the rate at which heat is
generated within the fluid minus the rate at which enthalpy is transported out of
the system. In equation form, this is expressed as

d _0 Xs(t) _0"xs(t)pCp_ @(x,t)A(x)dx -- qi(x)A(x)dx - Cp*p¢(0,t) (BI)

Differentiating the left-hand side of equation (BI) results in

PCp _0 _xs(t)

dx s

dtd-_%A(x)dx + PCp_(Xs't)A(Xs)

0Xs t)+ Cp_p@(0,t) = qi(x)A(x)dx (BZ)

For complete mixing, the temperature distributiop is assumed uniform throughout
the fluid_ hence, the temperature difference @ depends only on t, t_t is

_(x,t) = @(t) (BS)

Therefore, equation (B2) can be written as

(t)
dx s

A(x)dx + pCp@(t)A(Xs)

of (t)+ CpWp@(t)= Xs qi(x)A(x)d :

If the functional relation between the liquid level x s and the time t is in-

troduced in the following form:

dx s

_s _

IA



equation (BA) becomes

If the average

equation (B6) becomes

d¢ i
_s opwpA(xs)

_o xs q±(x)A(x)_

_o xs A(x)_x

_i(Xs) is defined as

(B6)

_0 xs qi(x)A(x)dx

Wi(_s): (_7)

_o xs A(x)_x

_-. _ A(xs)Wi(xs) (_)
dxs Cp_p

Integrating equation (B8) results in

_(Xs)= --cpwp _i(xs)A(xs)_s (Bg)

Equation (B5) can be integrate_ to obtain the following functional relation be-

tween xs and t:

t : _- A(x)_ (too)
_p

By dividing all linear dimensions by L, all areas by a reference area Aref,

and qi by a reference local source heating rate qi_ref' that is_

x* = x/L

A* = A/_ref _ (ml)* = qi/qi_refqi

equations (Bg) and (BI0) become

15



(qiAL) ref _x_ I'0_(xD= Cp,p
q'_A* *dx s (m2)

t(Xs) = p(AL)refwp'_x_ l'O A* dx s*
(ms)

By introducing the reference temperature and the time defined by

(qiAL)re f _0_i.0 _*A*¢ref = Cp*p dx* = ¢max
(BI4)

D(7_)ref fl.0 A* *
tref = Wp _0 dXs = tmax

(m_)

equations (BI2) and (BI3) become

_Xs.!'0 _*A* *
dx s

......i.0 =e

_max _0 _*A* dxs

(Bi6)

_x_ i'0 A* *
dxs

t

tma x /_i. 0 A* *
dx sJo

= _- (roT)

Equations (BI4) and (BIS) express the fact that there is a similarity of the

temperature-time history at the tank outlet_ provided that geometrical similarity

is preserved and qi/qi,ref as a function of x/L is duplicated. Eq1_tions

(B12) and (B13) can also be made dimensionless by introducing some other tempera-

ture difference _ along with the temperature history. For convenience, there-

fore, the temperature rise will be made dimensionless by dividing it by the con-

ditions at 0.968 tmax_ hencej

i .0 _*A* *
dx s

_-=

@ref fl.0 _*A* dxs*

ef

(BIB)

16



t
tref

/x_ I'0 A* *
dx s

ef

where Xre f can be determined from the equation

D(AL)ref F I'0 A* *
= dx s

O. 968 tma x _P JXref

(rag)

(B20)
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TABLE I. - PROPERTIES OF TEST FLUID

Fluid

Ethyl alcohol_ C2H50H

Trichloroethane, CH3CC! 3

Solution of 2 parts CH3CCI 3

and i part C2H50H

Density_

P,
ib/cu ft

49.2

82.6

71.3

Specific heat

Cp_

(°F)

O. 616

.266

•585

TABLE II. - SUMMARY OF TEST RESIVI_8

80Lit ce

heat ing

rate,

_u/_

163.2

Wall heat

flux,

qw,
_/(sq in )(m')

0

Mass ITime to I

flow 1outflow_

r.ate3 ] tmax,

"D; I sec

ib/hr

51.3 388

104.8 190

160.5 124
m

I05.5 0 52.1

102.6

155.0

55.5 0 52.4

103.6

153,0

0 15.85 52.4

102.6

165.8

7.58 51,6

99.8

160.5

5.49 52.1

101.5

160.5

163.2 15.85 51.3

104.8

165.8

7.58 51.6

101.5

155.5

5.49 51.6

101.5

155.5

Temperature

rise at

t_x

_x

or

17.0

7.0

5.4

Total heat

absorbed

by fluid,

%,
Btu

9.78

tre f = 0,968 tmax_

see

576

184

120

Temperature

rise at

tref,

9ref'

oF
(a)

13.5
5,6

3.0

Temperatur_

rise at

tref,

9ref,

or
(b)

ll.5

4.8

2.6

aMeasured.

bTheoretical.

382

194

130

580

192

150

380

19¢

120

386

200

124

582

196

124

588

190

120

386

196

128

586

196

128

12.0

6.2

4.2
I

6.1

3,i

2.0

,_0.4=

25.4

16.6

22.0

15.5

6.50 370

..... 188

..... 126

3.40 368

..... 186

..... 126

17.30 ---

8.42 ---

9.5 ........

12.7 3.82 ---
8.7 ........

5.2 ........

50.2 28.35 ---

28.7 ........

17.5 ........

28.9 16.5 ---

18.4 ........

13.8 ........

20.0 15.22 ---

10.6 ........

I 7.6 ........

8.8

4.2

5.I

4.7

2.4
1.6

7.5

3.6

2.6

4.0

2.0

1.4
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(a) Wall heat flux, 3.49 Btu per square inch per hour.

(b) Wall heat flux_ 7.85 Btu per square inch per hour.

(c) Wall heat flux, 15.85 Btu per square inch per hour.

Figure 12. - Schlieren photographs showing flow patterns near liquid surface
resulting from wall heating.
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(b) Source heating rate, 163.2 Btu per hour; mass flow rate, 49.8 pounds per hour.

Figure 14. - Axial temperature distribution with time for flowing system. Wall heat

flux, 7.58 Btu per square inch per hour.
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